The authors present the results of an investigation studying the resolution of vasogenic brain edema using cold injury in cats. The appearance of RISA-I TM and sucrose-C 14 labeled edema fluid in the ventricular cerebrospinal fluid (CSF) was assessed by means of ventriculocisternai perfusion. The effect of low-or high-pressure perfusion on edema spread was determined by measuring the water, sodium, RISA-1181, and sucrose-C 14 content of serial tissue blocks taken from the injured cortex through the white matter to the ventricular ependyma. The findings indicate that increasing the hydrostatic pressure gradient between edematous brain and CSF enhances the clearance of edema fluid into the ventricular CSF. This was conclusively demonstrated with low-pressure ventricular perfusion which markedly diminished the amount of edema close to the ventricles compared to the controls. The concentration of albumin, sodium, and potassium in the fluid removed from the tissue during lowpressure perfusion indicates that bulk flow was the primary method of edema movement through the extracellular space. With high-pressure perfusion the concentration profiles suggested alternative mechanisms of edema resolution, such as diffusion and reabsorption into capillaries. KEY WORDS 9 brain edema 9 brain tissue pressure gradient 9 bulk flow A LTHOUGH much progress has recently been made in the understanding of the processes occurring during formation of vasogenic brain edema, the mechanisms by which the pathologically accumulated fluid is removed from the tissue is poorly understood. Knowledge of these mechanisms would encourage efforts to improve edema therapy.
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Previous work of our group has shown that after an injury to the blood-brain barrier spreading of the plasma-like edema fluid through the extracellular channels (ECS) occurs by bulk flow and not by diffusion3 ~,22 This has been confirmed by Bruce, et al. 8 Following a cold lesion and exudation of fluid, an increase in local interstitial fluid pressure (IFP) develops as a result of the propelling force of hydrostatic pressure in the arterioles and capillaries and the opposing force of the resistance of the involved tissue to dilation of ECS and fluid movement. Pressure gradients develop across the tissue and are the driving forces for the spreading of edema fluid. 21-2s A pressure gradient was also found to exist between edematous white matter and cerebrospinal fluid (CSF) ? 8,22a3 Since the brain extracellular space is virtually in direct communication with the ventricular CSF and even large molecules pass with little difficulty across the ventricular ependyma) ,1~ it is tempting to assume that such hydrostatic pressure differentials between the IFP in the edematous tissue and the CSF may be the driving force of the movement of edema fluid into the CSF. Thus, one route of edema resolution beside the transcapillary reabsorption mechanism would be clearance of edema fluid via CSF pathways and arachnoid villi. If this concept is correct, then changes in the pressure gradient should directly influence the amount and velocity of edema clearance. A decrease in CSF pressure would enhance the edema clearance by increasing this pressure gradient and elevation of the CSF pressure would probably have the opposite effect.
To examine this question, the appearance of RISA-and sucrose-labeled edema fluid in the ventricular CSF was assessed by means of ventriculocisternal perfusion and the ventricular fluid pressure (VFP) was either lowered or elevated by altering the level of the cisternal outflow. The effect of low-or highpressure perfusion upon edema was determined by measuring the water, sodium, RISA, and sucrose-C ~4 content of serial tissue blocks taken from the injured cortex through the white matter to the ventricular ependyma.
Materials and Methods

A nimal Preparation
Adult cats, weighing 3.3 + 0.2 kg, were anesthetized with hexobarbital sodium (70 mg/kg) and atropine sulfate (0.25 rag) intraperitoneally. A small craniotomy was performed over the right frontal pole and a coldinjury edema lesion was produced by applying a cold metal plate, 4 • I0 mm in area, at -65 ~ C, to the exposed dura for 45 seconds. The frontal craniotomy was then closed with a rapidly hardening epoxy cement. Evans blue (2% solution, 1 ml/kg), RISA-P 8~ (30 #Ci IlSl/kg of a specific activity of 0.1 mCi I~3~/mg albumin),* and sucrose-C 1~ (150 #Ci C~/kg of a specific activity of 1.0 mCi *RISA-P sl obtained from Behring Institut, 6230 Frankfurt (Main) 80, Postfach 800280, West Germany. C14/0.77 mg sucrose, uniformly labeled)t were slowly injected intravenously immediately after the cold lesion. The animals were then allowed to awaken and left in a cage. About 40 to 41 hours after the lesion they were reanesthetized with sodium pentobarbital (35 to 40 mg/kg) and atropine sulfate (0.25 mg) intraperitoneally. Polyethylene catheters were inserted into the abdominal aorta and inferior vena cava via the femoral vessels. Arterial blood pressure was continuously monitored with a Statham P23 Db pressure transducer.:[: All animals were tracheotomized, immobilized with Imbretil (hexcarbacholin bromide: 1.5 mg/kg initially, and 0.5 mg to 1.0 mg/kg every 30 to 40 minutes), and mechanically ventilated with a Starling respirator.w Arterial blood gases and acid base status were periodically checked with a Copenhagen Radiometer blood gas analyzer II and kept within normal range. The animals' heads were fixed in a stereotaxic holder. A midline scalp incision was performed and both temporal muscles were reflected. Two 3-mm burr holes were drilled and a needle was inserted stereotaxically into both lateral ventricles (coordinates: right anteroposterior (AP) 11.5, lateral -4.5, vertical 18.0; and left AP 12.0, lateral -4.5, vertical 18.0) according to the atlas of ReinosoSuarez? ~ A needle was introduced into the cisterna magna and the CSF pressure was continuously recorded.
Experimental Protocols
Controls. In nine animals all physiological parameters were kept constant within normal limits during the experimental period (from hours 42 to 48), and VFP was monitored. Blood samples were obtained every hour and CSF samples were withdrawn at the begin- ning and at the end of the experimental period. All samples were analyzed for their R I S A -P 8x and sucrose-C 14 concentration.
Ventriculocisternal Perfusion, In seven and six animals respectively a ventriculocisternal perfusion was performed during the experimental period (from hours 42 to 48) with either a low-perfusion pressure (5.0 + 0.5 m m Hg) or a high-perfusion pressure (19.4 + 1.4 m m Hg). An artificial C S F was used, equilibrated with CO2 and kept at a constant temperature of 37 ~ C and at a pH of 7.399 + 0.01. The perfusion volume amounted to 0.375 ml/min. The perfusion pressure was kept at the desired level by changing the outflow resistance. Samples of C S F outflow were taken every 30 minutes, and blood samples every hour for their R I S A -P sl and sucrose-C 14 determination. At the end of the experimental period, 48 hours after the cold-injury lesion, the animals were sacrificed.
To remove as much of the intravascular activity as possible, a 6% solution of Macrodex was infused as each animal was being ex-sanguinated. The brain was then removed and frozen in liquid nitrogen. The brain was cut horizontally at the 18-mm level of the stereotaxic coordinate. A 3-mm slice was taken from each side of the cut surface. The lower slice was used for the determination of the tissue water, R I S A -I TM, and sucrose-C 14 content, by dissection ofconsecutive blocks of 3.0 + 0.1 m m from the edematous and control hemispheres (Fig. 1) . The upper slice was used for determination of the tissue sodium and potassium content. Careful attention was given to the dissection of gray from white matter. The horizontal spread of Evans blue with the edema front was measured by determining its linear distance on the cut surface ( Fig. 1) .
Analytical Methods. The water content was determined by drying the samples to a constant weight at 50 ~ C in a vacuum oven. The dried samples were then used for the determination of its R I S A -I m and sucrose-C 14 activity. Before injection, human serum albumin-P s~ was passed through a Dowex I-X8 column (mesh 50-100)* previously discharged with 1N HCI and buffered to a pH of 6.5. The effiux contained less than 1% free iodide as determined by precipitation in trichloracetic acid (6.0% solution). The tissue, p l a s m a -w a t e r , and efflux samples were counted for g a m m a activity in a scintillation counter.? The values were expressed as c p m / g m dry weight. The same samples were quantitatively transferred,into liquid scintillation vials, dissolved by adding 0.1 ml of perchloric acid (70.0% solution) and hydrogen peroxide (30.0% solution), and then stored for 6 weeks at a temperature of + 4 ~ C. After adding 10 ml of ethylene glycol monoethylether and 10 ml of a toluene mixtui-e (6 mg of 2,5-Diphenyl-oxazole/liter of toluene), C ~ activity was counted in a betascintillation spectrometer,$ and corrected for *Dowex I-X8 column (mesh 50-100) manufactured by Servafeinbiochemica, 6900 Flow of edema fluid into CSF FI6. 2. Graphs showing clearance of RISA and sucrose-C 14 during low-and high-pressure perfusion.
quenching by internal standardization with a C14-sucrose standard. The values were expressed as cpm/gm dry weight. The tissue sodium and potassium concentrations were determined by flame photometryY 4
Results
Physiological Data
During the experimental period (from hours 42 to 48), blood gas parameters were determined hourly, and mean arterial blood pressure (MABP) and ventricular fluid pressure (VFP) every 30 minutes. These values were averaged individually during the experimental period (Table I) .
Clearance of "RISA-1131 and Sucrose-C TM by Ventriculocisternal Perfusion
The initial 1181 concentration in the CSF at 42 hours after injury was 5416 cts/ml/min in the controls, 709 cts/ml/min in the lowpressure perfusion group, and 725 cts/ml/min in the group with high-pressure perfusion.
With low-pressure perfusion, the amount of RISA-P s~ in the outflow after 30 minutes rose constantly for 210 minutes and then slowly declined (Fig. 2) . In contrast, with high-pressure perfusion the amount of RISA-I m in the outflow after 30 minutes was low and did not rise to the same magnitude as in the low-pressure perfusion group. The total clearance of R I S A -P 8' from the tissue in the low-pressure perfusion group amounted to 359,131 cts/total inflow volume/360 min as c o m p a r e d to 127,035 cts total inflow volume/360 min in the high-pressure perfusion group. The difference was statistically significant (p < 0.001).
The initial C ~* concentration in the CSF at 43 hours after injury was 708 + 139 cts/ml/ min in the controls, 1137 + 206 cts/ml/min in the low-pressure perfusion group and 986 + 168 cts/ml/min in the high-pressure perfusion group (Fig. 2) . During ventriculocisternal perfusion the amount of C 14 in the efflux initially rose considerably, but then
Upper." Distribution of the absolute water content (% wet weight) of consecutive tissue blocks taken from the injured (ri) and control (le) hemisphere. Water content is plotted in relation to the distance of the lesion to the midpoint of the respective block. For description of blocks see Fig. 1 . Lower." Distribution of the absolute RISA content (cts/gm dry weight) of consecutive tissue blocks. Figure 3 shows the distribution of the absolute water content in the tissue blocks taken from both the injured and opposite normal hemisphere. The difference in water content between corresponding blocks of the normal and injured hemisphere are given in Fig. 4 (upper graph). In the control group, edema in the injured cortex amounted to about 5% and increased to nearly 17% in the subarcuate white matter. This edema then progressively declined with distance from the lesion toward the ventricle and deep parietal white matter. The distance of edema movement (water content) was between 18 and 20 m m and compares with 19.01 + 1.09 ram, as derived from measurement o f the spread of the Evans blue (Table 2 ). In the low-pressure perfusion group, the tissue water content was nearly identical in Blocks 1 and 2 but then declined much faster in the remaining blocks as they approached the ventricle. The differences in the tissue water content between controls and the low-pressure perfusion group in Blocks 4 to 6 were statistically significant. Thus, in the low-pressure perfusion group, the edema in the blocks close to the ventricle was significantly less than in the control group. Also the distance of edema s p r e a d (15.74 + 0.69 m m ) was significantly shorter both in water content and spread of the Evans blue dye (Table 2) . The curve of the high-pressure perfusion group was nearly identical to the control curve until Block 4, and then became slightly but not significantly lower in tissue water content ( Figs. 3 and 4) . The distance of edema spread was about the same as in the control group (Table 2) .
Brain Tissue Water Content
Brain Tissue RISA-P sx and Sucrose-C ~* Content
The concentration of RISA-I TM in the consecutive tissue blocks from both the injured
H. J. Reulen, et al.
and the opposite normal hemisphere is shown in Fig. 3 . Figure 4 demonstrates the absolute RISA content in cold-induced edema. The distribution curves of the control group and the low-pressure perfusion group appears similar to that of the tissue water content. Also, the distance of RISA-I TM spread through the deep white matter is nearly identical to that of the tissue water content. Again, the values of the blocks close to the ventricle are significantly lower in the lowpressure perfusion group (Fig. 4) . The distribution curve obtained in the high-pressure perfusion group shows a tendency to deviate from the respective tissue water distribution in Blocks 2 and 3.
An interesting finding in this study is the concentration profile of sucrose-C" (Fig. 4) . Although the highest concentrations were found also in the white matter adjacent to the lesion, the course of the distribution curves were different from those of the tissue water and RISA-P a~ concentration. The sucrose-C" concentration in the remaining blocks, in the three different groups, were similar as they approached the ventricle. 
Brain Tissue Electrolytes
The increase of sodium in the edematous tissue, expressed as the difference between the respective serial tissue blocks of the injured and the opposite hemisphere, shows a profile similar to the tissue water and RISA content ( Table 3) . The Na § concentration in the fluid accumulated in the tissue, as calculated from the net increase of sodium and water, amounts to 130 to 160 mEq/liter for the various tissue blocks and averages 148 mEq/ liter. Potassium was moderately decreased in the injured cortex and slightly increased in the edematous white matter.
Discussion
Resolution of vasogenic brain edema may be the result of various factors. Clearance of edema fluid into CSF, passage back into capillaries, and metabolic degradation of some edcma constituents, such as proteins, could be implicated singly or in combination.
From the present results it can be concluded that entry of the edema fluid into the CSF is one of the main mechanisms of resolution of vasogenic brain edema. The concept of the CSF as a drainage system for the brain extracellular space under normal conditions has been emphasized recently by demonstrating the sink-action of CSF for many substances from brain tissue. 8,~9 It has been suggested that in normal brain the interstitial fluid is produced probably at the capillaryglial complex, 7 and flows along pathways of low resistance (perivascular spaces) into the CSF. It is well known that in hydrocephalus this situation may be reversed with fluid moving from the ventricles into periventricular white matter? 5
Under the pathological conditions of coldinduced edema, the edema fluid obviously enters the ventricular CSF as soon as the advancing edema front has reached the ventricular wall. 8 Appearance of edema fluid labeled with sucrose-C 14 and dextran-C ~4 in the cisternal CSF has also been demonstrated recently in cold-induced edema, and autoradiographs from these brains disclosed a simultaneous disappearance of the tracers from the tissue) In addition, the cerebral cortex at the lesion site and probably an immediately adjacent area may become permeable with I TM albumin migrating from the edematous tissue into the subarachnoid CSF. 14 What mechanism then governs the transfer of edema fluid into the ventricular CSF?. Under normal conditions the brain extracellular space seems to be in relatively free communication with the ventricular CSF, and the available evidence indicates that the ventricular ependyma offers little resistance to exchange of materials, e,9,n Under the conditions of edema, clearance of substances and fluid (besides reabsorption into capillaries) can only be subjected to diffusion or bulk flow. In the case of bulk flow with pressure gradients being the driving force, edema constituents, such as Na +, K +, CI-albumin, should be carried together with the convective stream. In contrast, if diffusion were the prevailing mechanism, the disappearance of the various substances and water should be different according to their differing diffusion properties. Previous results revealed the existence of pressure gradients of 8 to 15 mm Hg between edematous tissue and CSF, the latter being always lower. 22aa It was therefore proposed that the tissue/CSF transfer is facilitated by such pressure gradients and that bulk flow plays a major role. In the present study, the experiments with low-pressure perfusion conclusively show that increasing the hydrostatic pressure gradient between edematous brain and CSF favors the clearance of edema fluid into the ventricular CSF. On the other hand, this clearance drops markedly if the pressure gradient is equalized or reversed during high-pressure perfusion.
Pressure gradients have been observed previously ~2a8 but only during 5 to 6 hours following the cold injury. They theoretically should exist as long as the damaged vessels remain leaky and the transcapillary exudation of fluid is sustained. On the other hand, pressure differentials may become very small or dissipate with the repair of the damaged blood-brain barrier? ~ Besides the magnitude of the pressure gradients, the diameter of the extracellular channels is a critical factor determining the movement of fluid through the white matter. Further support for the bulk-flow concept may be derived from the albumin, sodium, and potassium concentration in the edema fluid as well as in the fluid removed from the tissue during low-pressure perfusion. The concentrations of these substances in the edema fluid can be computed from their net increase in the edematous white matter (Blocks 2 to 7), assuming that all the material is accumulating in the extracellular space only. The value so obtained for Na § is 148 mEq/liter and 1.8 to 3.1 mEq/liter for K. These values are consistent with concentrations determined directly from minute samples of edema fluid, TM which contained an Na § of 143.2 + 6.3 mEq/liter and a K § of 4.7 + 1.2 mEq/liter. The respective values determined in the plasma of the same animals were 146.4 + 8.4 mEq/liter for Na § and 3.9 4-0.46 for K § Also, the concentration of RISA in the edema fluid amounted to 257,400 cts/0.1 ml as compared to 268,900 cts/0.1 ml, the average RISA concentration in the plasma. On the other hand, the Na + concentration of the fluid removed from Blocks 3 to 7 during low-pressure perfusion (calculated from the difference between controis and low-pressure perfusion group) was between 180 and 190 mEq/liter, while the RISA concentration amounted to between 210,000 and 221,000 cts/0.1 ml. Thus the sodium concentration was slightly higher and the RISA concentration slightly lower than the respective concentrations in the plasma or edema fluid. It seems unrealistic, however, to interpret these small differences as being significant if we consider the standard deviations of the raw data used for the calculations.
The concentration values indicate that the composition of the edema fluid is similar to plasma, which is in line with previous results. 5,12 It seems that the fluid removed during low-pressure perfusion also resembles plasma or edema fluid or differs only slightly from the fluid, thus strongly supporting the concept of bulk flow removal of edema fluid during the presence of small pressure gradients.
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Using these conclusions, the amount of clearance of edema fluid from edematous tissue into the CSF in relation to time can be determined. The total loss of RISA, protein, or albumin, as measured from the cisternal outflow during low-pressure perfusion, may account for a clearance of 0.6 to 0.8 ml of edema fluid during 6 hours of perfusion. This would correspond to nearly a total removal of edema from 1 gm of tissue in Block 4. Pappius and McCann TM have shown previously with a comparable cold-lesion edema in the cat, that the hemispheric difference in weight due to edema at 48 hours after the lesion amounts to about 0.7 to 0.8 ml of serum equivalents. From the above data, theoretically it should be possible to remove this amount of edema fluid during approximately 6 hours of perfusion. However, as shown in Fig. 3 , only a fraction of edema has been removed during 6 hours of perfusion, indicating that a relatively high formation rate of edema is still existent at 48 hours after the lesion.
The alternative to bulk flow would be diffusion of the various substances according to their differing diffusion coefficients. Certainly the concentration gradient of RISA existing between edematous brain and CSF would favor diffusion of this or any other substances downhill into the less concentrated CSF. The rapid turnover of CSF would guarantee the maintenance of concentration gradients. This sink-action of CSF may well participate in the resolution of edema. The smaller clearance of RISA and sucrose observed in the group perfused with an elevated CSF-pressure may be explained by the sink-action of CSF, which should be operative despite an equalized or reversed hydrostatic pressure gradient. It should further be expected that increasing the rate of loss of these substances from CSF through ventriculocisternal perfusion would result in an overall bulk loss of these substances from the edematous brain.
The difference in the concentration profile of RISA, water, and Na § on the one hand, and sucrose-C 1' on the other may indicate a third possibility of edema removal. As shown above, Na § K § and RISA in the edema fluid are nearly identical to their plasma concentrations and seem to be removed together with the convective stream as long as hydrostatic pressure gradients exist. However, sucrose-C ~4 at 48 hours has reached a very low concentration in the edematous tissue, becoming nearly unmeasurable close to the ventricle. Therefore low-pressure perfusion probably did not result in significant removal of this molecule from the tissue. A similar difference was found by Bruce, et al) This group compared the kinetics of dextran-C 14 and sucrose-C TM, and revealed a more rapid disappearance of sucrose from edematous tissue than of high molecular weight dextran (75,000 mol wt). They concluded that the more rapid disappearance of sucrose is a reflection of the reabsorption of this molecule from the extracellular space into capillariesfl in contrast to the lack of a brain capillary reabsorption mechanism for dextran-C~4, x~ A similar conclusion may be drawn from sucrose-C 14 and albumin-I ~81 in the present study. Moreover, there is evidence that even a small proportion of albumin-I lal can move back into capillaries. 1,1s,~9 This would explain the discrepancy in the relationship between water and RISA in the blocks close to the ventricle.
Thus, the available evidence justifies the conclusion that resolution of vasogenic brain edema might be accomplished by diffusion, certainly will be enhanced by pressure gradients, and yet will be modified by reabsorption mechanisms. Both mechanisms, bulk flow and diffusion, may be operative even simultaneously. It seems conceivable that resolution by bulk flow prevails as long as pressure gradients do exist. However, if they dissipate with healing of the blood-brain barrier, the remaining edema would have to be removed primarily by diffusion. This mechanism certainly would require considerably more time than bulk flow. Albumin and sucrose have been shown to travel with the edema fluid a distance of 16 mm during a period of six hours. During the same period, the substances would be expected to travel only 2 to 3 mm by diffusion. 22 Considering the effect of changing the pressure gradients one step further, the therapy of brain edema should consist of 1) decreasing the formation of edema at the site of the blood-brain barrier injury, and 2) increasing the clearance of edema fluid into the CSF. Recently Meinig, et al., ~7 have demonstrated that furosemide, a potential inhibitor of CSF production rate, in combination with dexamethasone, reduced CSF pressure and diminished human peritumoral brain edema more than dexamethasone alone. With this understanding of the dynamics of vasogenic brain edema, reexamination of clinical therapy will be necessary.
